Pasteurella multocida strains are classified into 16 different lipopolysaccharide (LPS) serovars using the Heddleston serotyping scheme. Ongoing studies in our laboratories on the LPS aim to determine the core oligosaccharide (OS) structures expressed by each of the Heddleston type strains and identify the genes and transferases required for the biosynthesis of the serovar-specific OSs. In this study, we have determined the core OS of the LPS expressed by the Heddleston serovar 9 type strain, P2095. Structural information was established by a combination of monosaccharide and methylation analyses, nuclear magnetic resonance spectroscopy and mass spectrometry revealing the following structure:
Introduction
Pasteurella multocida is a Gram-negative pathogen that is the causative agent of fowl cholera (Christensen and Bisgaard 2000) , hemorrhagic septicemia in cattle (De Alwis 1992) , atrophic rhinitis in pigs (Chanter 1990 ) and dog and cat bite infections in humans (Weber et al. 1984) . The capsule of P. multocida is an essential virulence factor (Boyce and Adler 2000; Chung et al. 2001) and is used to classify isolates into one of the five serogroups A, B, D, E or F. The structure of the capsular polysaccharide has been determined for serogroups A (hyaluronic acid; Rosner et al. 1992) , D (heparin; DeAngelis et al. 2002) and F (chondroitin; DeAngelis et al. 2002) . Lipopolysaccharide (LPS) is also an important virulence factor and is the primary antigen for the identification of strains using the Heddleston typing system which can classify P. multocida into 16 serovars (Heddleston et al. 1972) . Current classification of P. multocida isolates combines capsular typing with Heddleston LPS typing. Strains are given a designation where the first letter indicates the capsular group and the number designates the Heddleston LPS serovar (e.g. A:1 indicates a strain that is capsular group A and LPS serovar 1). In order to establish both a chemical and a genetic basis for the Heddleston LPS serotyping scheme, our laboratories aim to determine the core OS structures expressed by each of the Heddleston type strains and identify the genes and transferases required for the biosynthesis of the serovar-specific outer core region of the LPS. The LPS produced by each of the 16 Heddleston serovar strains has been examined previously for sugar content and reactivity with LPS antisera (Rimler et al. 1984) , and we have analyzed the structure and genetics of LPS from strains belonging to serovars 1, 2, 3, 5 and 14 Boyce et al. 2009; St Michael et al. 2009; Harper, St Michael, et al. 2011) . In this study, we report structural analyses of the LPS core oligosaccharide (OS) expressed by the serovar 9 type strain, P2095. The LPS isolated from this strain was previously shown to be the only P. multocida LPS to contain the 6-deoxy sugar rhamnose (Rha), but no further structural details had been established (Rimler et al. 1984) . Previous studies have shown variation in sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) migration profiles for LPS isolated from the 16 serovar type strains with the serovar 9 type strain elaborating one of the largest LPS molecules (Rimler 1990) . In this study, we report the full structure of the serovar 9 LPS and identify a large LPS outer core biosynthesis locus encoding the enzymes predicted to be required for the complete biosynthesis of Rha and 3-acetamido-3,6-dideoxy-α-D-glucose (Qui3NAc), along with the predicted LPS glycosyltransferases.
Results

Structural analyses
Sugar analysis of the LPS purified from the serovar 9 type strain, P2095, revealed the presence of Rha, glucose (Glc), Lglycero-D-manno-heptose (LD-Hep) and D-glycero-D-mannoheptose (DD-Hep) in the approximate ratio of 2:2:2:1 respectively. We have previously observed the DD-Hep isomer in the LPS isolated from P. multocida strains belonging to serovars 2 and 5 ). O-deacylated LPS (LPS-OH) was analyzed by CE-MS (Table I) , revealing major triply charged ions at m/z 1051.6, 1093.2 and 1134.2 corresponding to a composition of three Rha, two residues of 3,6-dideoxy-3-N-acetyl-hexosamine (6-dHex3NAc), two Hex, four Hep, Kdo-P, lipid A-OH for the smallest molecule and an additional phosphoethanolamine (PEtn) for each of the larger molecules. Glycoforms consistent with the absence of one Rha residue were also observed by virtue of triply charged ions at m/z 1085.6 3− and 1044.8 3−
. Hex, 162.15; 187.19; 145.19; Rha, 146.15; Hep, 192.17; 300.13; Kdo, 220.18; PEtn, 123.05; PCho, 165.05 .
Structural and genetic analysis of P. multocida serovar 9 LPS MS analysis on the core OS identified a doubly charged ion at m/z 1123.4, suggesting a composition of three Rha, two 6-dHex3NAc, two Hex, four Hep, PEtn and Kdo as the major glycoform (Table I) (Table I) ]. In order to determine the sequence of residues in the outer core, MS/MS studies were performed in positive ion mode on the completely deacylated LPS. We specifically examined the ions corresponding to the glycoform lacking a phosphate and two Hep residues (at m/z 1119. 6 2+ ) and the glycoform lacking the terminal Rha residue (at m/z 1046.6 2+ ) ( Figure 1 ). Singly charged ions at m/z 501.0 + and 403.0 + were the most dominant ions observed in both spectra, corresponding to the deacylated lipid A region with and without a hydrated phosphate residue, respectively. Following MS/MS analysis of the doubly charged ion at m/z 1119.6 2+ , a singly charged ion at m/z 292.0 + was observed corresponding to a Rha-6-dHex3N disaccharide. A series of ions was observed from the ion corresponding to the Rha-6-dHex3N disaccharide, suggesting an outer core extension of Rha-6-dHex3N-6-dHex3N-Rha-RhaHep ( Figure 1A) . A similar series of ions was also observed from MS/MS analysis of the doubly charged ion at m/z 1046.4 2+ ( Figure 1B) , which lacks the terminal Rha residue. In this case, a singly charged ion at m/z 291.0 + was observed corresponding to a 6-dHex3N-6-dHex3N disaccharide. In addition, a series of ions was observed from this ion, suggesting a composition of 6-dHex3N-6-dHex3N-Rha-RhaHep-Hex-(Hex)-Hep-KdoP. Finally, the largest ion observed at m/z 1592.0 + corresponds to a loss of the deacylated lipid A region for the selected ion ( Figure 1B) .
Methylation analysis was performed on core OS in order to determine the linkage pattern of the molecule, revealing the presence of terminal Rha, 2-substituted Rha, terminal Glc, 6-substituted Glc, terminal LD-Hep, 4-substituted DD-Hep, 2-substituted LD-Hep and 2-substituted 6-dHex3NAc in an approximate ratio of 1:4:2:2:2:2:1:2 and lesser amounts of 3,4,6-trisubsituted LD-Hep and 3,4,-disubsituted LD-Hep residues. The identification of the 2-substituted 6-dHex3NAc residue was based on the fragmentation pattern with diagnostic ions including m/z 231 + derived from the deuterated C-1 to C-3 components and the subsequent loss of acetic acid and acetate to give the ions m/z 171 + and 129 + (data not shown). The 4-substituted DD-Hep residue was identified based on comparison to previously published methylation analyses on Actinobacillus pleuropneumoniae serotype 1 LPS which contains only 4-substituted DD-Hep (St. Michael et al. 2004 ) and P. multocida serotype 14 LPS (Harper, St. Michael, et al. 2011 ) which contains only 4-substituted LD-Hep. The lower amounts of the 2-substituted LD-Hep residue being observed were consistent with the non-stoichiometric addition of PEtn to this residue, and the lower amounts of the terminal Rha residue were consistent with the variable presence of this residue as observed in the MS data. Finally, the observation of both 3,4,6-trisubsituted LD-Hep and 3,4,-disubsituted LD-Hep residues is consistent with the presence or the absence of a terminal hexose residue as observed in the MS analysis. The absolute configurations of the sugars were determined as their acetylated butyl glycosides by gas-liquid chromatography-mass spectrometry (GLC-MS) comparison to standards where available, revealing the L-configuration of the Rha and the D-configuration of the Glc residues. With the establishment of L-Rha, we can then consider the disaccharide Rha-2-Qui3N (P-Q) and trisaccharide Qui3N-2-Qui3N-2-Rha (Q-N-M) in order to establish the absolute configuration of the Qui3N residues. For P-Q, database signals (Lipkind et al. 1988 In order to elucidate the exact locations and linkage patterns of the OS, nuclear magnetic resonance (NMR) studies were performed on the core OS. The assignment of 1 H resonances of the inner core OS was achieved by correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY) and Nuclear Overhauser effect spectroscopy (NOESY) experiments with reference to the published data for the structurally related OSs from P. multocida serovars 1 ), 3 (St Michael, Vinogradov, et al. 2005 ) and 2 and 5 ) and revealed that the conserved inner core structure (Hep I-III and Glc I-II) was present (Table II) . Only limited assignment of the Kdo residue was possible due to the degree of heterogeneity introduced into the Kdo molecule during acid hydrolysis and thus only partial assignment has been detailed for this residue (Table I) . Similarly, the assignment of 13 C resonances (Table II) (Figure 2 ). An inter-Nuclear Overhauser effect (NOE) connectivity from the anomeric proton of the DD-Hep residue (K) at 5.07 ppm to a resonance at 3.71 ppm was identified (Figure 2) , which was subsequently assigned as a proton at the 6-position of the β-Glc residue by virtue of 13 C-1 H HSQC correlating this proton resonances to a carbon resonance of 65.8, consistent with a substituted exocyclic carbon resonance (data not shown). This assignment is also consistent with the methylation analysis data which identified a 6-linked Glc residue. An inter-NOE connectivity from the anomeric proton of the Rha resonance at 5.06 ppm (L) to resonance at 3.86 ppm was identified (Figure 2) , and subsequently assigned as the proton at the 4-position of the DD-Hep residue (K). This proton resonance was correlated in a HSQC experiment to a carbon resonance of 78.3 ppm, consistent with a substituted ring carbon resonance (data not shown). This assignment is also consistent with the methylation analysis data which identified a 4-linked DD-Hep residue. An inter-NOE connectivity from the anomeric proton of the Rha resonance at 5.32 ppm (M) to a resonance at 4.02 ppm was identified (Figure 2) , and subsequently assigned as the proton at the Structural and genetic analysis of P. multocida serovar 9 LPS Table II . 1 H-and 13 C-NMR chemical shifts for the core OS from the P. multocida serovar 9 type strain P2095: Data were recorded at 55°C; referenced to internal acetone at 2.225/31.07 ppm 2-position of the Rha residue (L). This proton resonance was correlated in a HSQC experiment to a carbon resonance of 79.1 ppm, consistent with a substituted ring carbon resonance (data not shown). This assignment is also consistent with the methylation analysis data which identified a 2-linked Rha residue. To support this assignment, a characteristic NOE connectivity for a Rha-1-2-Rha linkage was observed from L1 to M5 (Figure 2 ). The residues with anomeric resonances at 4.66 and 4.62 ppm were identified as having the gluco configuration by virtue of accessing the complete spin system in a TOCSY experiment (Figure 2 ) and as 6-deoxy sugars by virtue of the characteristic chemical shifts in a TOCSY experiment for the H-6 protons at 1.37 and 1.29 ppm, respectively. Furthermore, these residues were identified as 3-amino sugars by virtue of the 13 C-chemical shifts for the C-3 carbons at 58.1 and 58.0 correlating with the H-3 1 H-resonances of 3.89 and 3.96 respectively, the 13 C chemical shifts observed are consistent with nitrogen substituted carbon atoms. An inter-NOE connectivity from the anomeric proton of the Qui3NAc residue at 4.62 ppm (N) to a resonance at 4.12 ppm was identified (Figure 2 ). This resonance was subsequently assigned as the proton at the 2-position of the Rha residue (M) (Figure 2 ). This proton resonance was correlated in a HSQC experiment to a carbon resonance of 82.6 ppm, consistent with a substituted ring carbon resonance (data not shown). This assignment is also consistent with the methylation analysis data which identified a 2-linked Rha residue. An inter-NOE connectivity from the anomeric proton of the Qui3NAc residue at 4.66 ppm (Q) to a resonance at 3.83 ppm was identified (Figure 2 ). This resonance was subsequently assigned as the proton at the 2-position of the Qui3NAc residue (N). This proton resonance was correlated in a HSQC experiment to a carbon resonance of 76.3 ppm, consistent with a substituted ring carbon resonance (data not shown). This assignment is also consistent with the methylation analysis data which identified a 2-linked Qui3NAc residue. An inter-NOE connectivity from the anomeric proton of the Rha resonance at 4.83 ppm (P) to resonance at 3.34 ppm was identified (Figure 2) , and subsequently assigned as the proton at the 2-position of the Qui3NAc residue (Q). This proton resonance was correlated in a HSQC experiment to a carbon resonance of 78.4 ppm, consistent with a substituted ring carbon resonance (data not shown). This assignment is also consistent with the methylation analysis data which identified a 2-linked Qui3NAc residue.
The NOE connectivities for the outer core residues were consistent with the linkages identified in the methylation analysis and confirmed the linkage pattern of the outer core OS. When a longer mixing time (150 ms) was adopted in the TOCSY experiment, it was possible to identify the 3-position of the LD-Hep residue (F) as the point of location of the PEtn moiety by accessing the H-3 
P-
1 H HSQC-TOCSY experiments on the OS sample (data not shown). The HSQC experiment identified a cross-peak from the phosphorus signal to the proton resonance at 4.43 ppm, which had been assigned to the 3-position of the Hep II residue and this was confirmed and extended in Table II . Encircled signals belong to variants of Hep residues E and F due to heterogeneity introduced from rearrangements of the Kdo residue on acid hydrolysis of core OS.
Structural and genetic analysis of P. multocida serovar 9 LPS the HSQC-TOCSY experiment, which revealed the H-2 and H-1 proton resonances of Hep II at 4.26 and 5.78 ppm, respectively (data not shown). Therefore, combined structural analyses identified that Heddleston 9 LPS elaborated the conserved inner core structure ) with a novel outer core extension of Rha(α1-2)Qui3NAc(β1-2) Qui3NAc(β1-2)Rha(α1-2)Rha(α1-4)Hep.
Genetic analyses
The genes required for the biosynthesis of the outer core region of the LPS (defined as the structure distal to Glc I) in all P. multocida type strains are located within a single locus between the conserved genes priA and fpg . Sequencing and subsequent bioinformatic analysis of the equivalent region in the serovar 9 type strain, P2095, revealed a large LPS outer core biosynthesis locus (13.7 kb) containing 13 open reading frames (Figure 3 , Table III ). Within the serovar 9 locus were four genes that encoded proteins with significant identity to enzymes required for Rha biosynthesis, namely glucose-1-phosphate thymidylyltransferase (RmlA), dTDP-D-glucose 4,6 dehydratase (RmlB), dTDP-4-dehydrorhamnose 3,5-epimerase (RmlC) and dTDP-4-dehydrorhamnose reductase (RmlD) ( Table III) . Bioinformatic analysis also revealed that the serovar 9 LPS biosynthesis locus contained genes predicted to be required for the biosynthesis of Qui3NAc (Table III) . In other bacteria, Qui3NAc biosynthesis requires the first two enzymes of the Rha biosynthesis pathway (RmlA and RmlB), a dTDP-4-oxo-6-deoxy-D-glucose-3,4-oxoisomerase (QdtA), a dTDP-3-oxo-6-deoxy-α-D-glucose transaminase (QdtB) and a dTDP-3-oxo-6-deoxy-α-D-glucose transacetylase (QdtC) (Pfostl et al. 2008) . Bioinformatic analysis of the serovar 9 locus identified a gene that encoded a protein with 48.9% identity (78.6% similarity) to QdtB in Thermoanaerobacterium thermosaccharolyticum ( Figure 4A ). The analysis also revealed that the serovar 9 outer core biosynthesis locus encodes a unique bi-functional enzyme, designated QdtD. This protein consists of an N-terminal region (up to amino acid 135) with shared identity to QdtA from T. thermosaccharolyticum (46.2% identity and 75.8% similarity), whereas the remainder of the protein (amino acids 136-282) shares identity with QdtC from Escherichia coli and Salmonella enterica (68 and 67% identity, respectively; Figure 4B ). Thus, the LPS outer core locus in the serovar 9 type strain encodes all of the enzymes for the Rha and Qui3NAc biosynthetic pathways and uniquely, the final two enzymatic steps in Qui3NAc biosynthesis are predicted to be performed by a single bi-functional enzyme QdtD.
In addition to the genes required for Rha and Qui3NAc biosynthesis, the serovar 9 locus contained three genes encoding predicted glycosyltransferases. The products of two genes (rhtA Structural and genetic analysis of P. multocida serovar 9 LPS and rhtB) had a significant level of identity to a number of transferases within the glycosyltransferase family 2 and the third transferase gene identified encoded a predicted heptosyltransferase (HptG; Figure 3 , Table III ). The locus also contained a gene encoding a predicted LPS acyltransferase (latA), as well two genes (plbA and plbB) that encode products that shared identity only with conserved hypothetical proteins in other bacteria (Table III) . Interestingly, an alignment of the encoded proteins, PlbA and PlbB, revealed that their amino acid sequences shared 35.1% identity and 66.7% similarity to each other, suggesting that these proteins have a similar function. With the exception of HptG, determining the role of each of the genes within the serovar 9 LPS outer core biosynthesis locus could not be undertaken due to the inability to make directed mutants in this strain. However, the assignment of HptG as a DD-heptosyltransferase was confirmed by heterologous expression of this transferase in strain AL523, a serovar 1 LPS mutant, which expresses a truncated LPS structure that terminates at Glc I and therefore lacks the outer core ). The truncated LPS structure expressed by strain AL523 is almost identical to the predicted acceptor LPS molecule required for the serovar 9 heptosyltransferase HptG. Capillary electrophoresis-electrospray mass spectrometry (CE-ES-MS) analysis of the LPS-OH (Table I) and NMR analyses of the core OS (Table IV) expressed by AL523 harboring a functional hptG gene (AL1795) revealed that the LPS molecule was extended by a DD-Hep residue as well as a single galactose (Gal)-phosphocholine (PCho) moiety attached to the 4-position of the DD-Hep (Table IV) . In the wild-type serovar 1 strain, the LPS molecule is extended from Glc I by the LD-heptosyltransferase, HptE and further extended by two Gal-PCho moieties attached to the 4-and 6-positions of the Hep IV by the bi-functional transferase GatA ). However, the presence of a DDrather than a LD-configured heptose residue due to the activity of the serovar 9 DD-heptosyltransferase (HptG) permitted the addition of only one Gal-PCho moiety, attached to the 4-position of the DD-Hep residue. This suggests that the conformational change at the 6-position of the DD-compared with the LD-Hep residue is sufficient to prevent the GatA transferase from adding the second Gal-PCho moiety to the 6-position of Hep IV. Table IV. 1 H-and 13 C-NMR chemical shifts for the core OS from P. multocida strain AL1792: Data were recorded at 25°C; referenced to internal acetone at 2.225/31.07 ppm
Hep-I 
Discussion
In this study, we have determined the structure of the LPS core OS from Heddleston serovar 9. This structure contains the conserved inner core (defined as Kdo to Glc I) that has been consistently present in all previously examined P. multocida, A. pleuropneumoniae and M. haemolytica strains (Brisson et al. 2002; St Michael et al. 2004; Logan et al. 2006; . However, attached to the 6-position of Glc I in the serovar 9 LPS is a Hep residue with a D-glycero-D-manno configuration distinct from the L-glycero-D-manno configuration of Hep in the LPS isolated from most P. multocida strains examined to date, but consistent with that observed in the LPS isolated from P. multocida serovars 2 and 5, A. pleuropneumoniae and M. haemolytica (Brisson et al. 2002; Logan et al. 2006; . Interestingly, the DD-Hep was not identified as a constituent of the serovar 9 LPS in a previous study on the LPS sugar compositions of all P. multocida serovars (Rimler et al. 1984) . Bioinformatic analysis of the serovar 9 LPS outer core biosynthesis locus predicted that the addition of the DD-Hep to the 6-position of Glc I was performed by the transferase, HptG. The assignment of HptG as an α-1,6-D, D-heptosyltransferase was confirmed by heterologous expression studies using a hptE mutant (AL523) of the serovar 1 strain VP161 that expresses an LPS molecule terminating at the inner core residue, Glc I. Structural analysis of the LPS produced by this strain provided with a functional copy of the serovar 9 hptG revealed that a DD-Hep was now attached at the 6-position of Glc I along with a single Gal-PCho moiety attached to the 4-position of the DD-Hep. The addition of only one Gal residue is significant, as we have shown that in the serovar 1 parent strain, VP161, GatA is a putative dual-acting transferase that attaches Gal to both the 4-and the 6-position of the LD-Hep IV. The absence of a Gal residue at the 6-position of DD-Hep IV in the hybrid LPS molecule strongly indicates that native GatA is unable to add a second Gal residue due to the altered conformation of the LPS acceptor molecule.
The outer core of the P. multocida serovar 9 LPS contained a unique linear pentasaccharide extension consisting of Rha(α1-2)Qui3NAc(β1-2)Qui3NAc(β1-2)Rha(α1-2)Rha. The unusual deoxysugar Qui3NAc has not been detected in any previous structural analyses of LPS expressed by P. multocida or in the LPS isolated from any other member of the Pasteurellaceae family. However, an earlier report had identified that Rha contributed to 25% of the LPS dry weight of LPS isolated from the P. multocida serovar 9 type strain (Rimler et al. 1984) . While Rha is a common component of LPS produced by other bacterial species, the deoxyamino sugar Qui3NAc is a relatively unusual component of LPS. Two early studies reported it as a component of LPS isolated from Salmonella spp. and Citrobacter freundii (Lüderitz et al. 1967; Raff and Wheat 1968) and, more recently, it was detected in the LPS isolated from Providencia stuartii and Hafnia alvei (Katzenellenbogen et al. 1996; Kocharova et al. 2004) . This unusual sugar is also a component of the S-layer glycan in the Gram-positive bacterium T. thermosaccharolyticum (Altman et al. 1995) . The Qui3NAc biosynthetic pathway in T. thermosaccharolyticum has been fully characterized and uses glucose-1-phosphate and the first two enzymes in the Rha biosynthesis pathway RmlA and RmlB to form the dTDP-4-oxo-6-deoxy-D-glucose intermediate (Pfostl et al. 2008) . At this point, the dTDP-Rha and dTDP-Qui3NAc biosynthetic pathways diverge: the dTDP-Rha donor is produced by the action of an epimerase (RmlC) and a reductase (RmlD), whereas the dTDP-Qui3NAc donor is produced by the actions of an isomerase (QdtA), an aminotransferase (QdtB) and an acetyltransferase (QdtC) (Pfostl et al. 2008) . Bioinformatic analysis of the P. multocida serovar 9 LPS outer core biosynthesis locus revealed that all the genes required for the biosynthesis of dTDP-Rha and dTDP-Qui3NAc are present in this locus. Intriguingly, an alignment of the encoded products of the genes involved in Qui3NAc biosynthesis suggests that both the isomerization and the acetyltransfer steps of the pathway are performed by a single dual-acting enzyme, encoded by the gene qdtD.
In conclusion, this study has identified and characterized a novel outer core LPS structure produced by the P. multocida serovar 9 type strain and confirmed the conservation of the LPS inner core OS. The LPS structural analysis, combined with bioinformatic analysis of the LPS outer core biosynthesis locus has allowed the unique opportunity to predict how the outer core of the LPS is assembled in P. multocida. Analysis of the serovar 9 LPS structure and corresponding genetics revealed that the genes required for dTDP-Rha and dTDP-Qui3NAc biosynthesis are all contained within the LPS biosynthesis outer core locus and suggests that the third and fifth steps in the biosynthesis of dTDP-Qui3NAc are performed by a dual-functioning enzyme QdtD.
Materials and methods
Media and growth conditions
The bacterial strains, plasmids and oligonucleotides used in this study are listed in Table V . For genetic manipulations, P. multocida was routinely grown in brain heart infusion. For LPS analysis, P. multocida was maintained and grown as described previously .
Isolation and purification of LPS LPSs were isolated and purified as described previously . O-deacylated, completely deacylated and core OSs of LPS were prepared as described previously .
Analytical methods, mass spectrometry and NMR spectroscopy Sugars were determined as their alditol acetate derivatives (Sawardeker et al. 1965 ) and linkage analysis determined following methylation analysis (Ciucanu and Kerek 1984) by GLC-MS. ES-MS and NMR experiments were performed as described previously . Absolute configurations were determined by GLC analysis of butyl glycoside derivatives (Vinogradov et al. 1992) .
Structural and genetic analysis of P. multocida serovar 9 LPS Genetic analyses Pasteurella multocida genomic DNA was prepared using the cetyltrimethyl ammonium bromide method (Ausubel et al. 1995) . Polymerase chain reaction (PCR) amplification of DNA was performed using Taq-DNA polymerase (Roche Diagnostics, Indianapolis, USA), and PCR products were purified using the Qiagen PCR Purification Kit. Determination of the serovar 9 LPS outer core locus nucleotide sequence was initiated by sequencing of PCR-amplified DNA products using the oligonucleotides located within the conserved non-LPS related genes priA, rpL31_2 and fpg as listed in Table V . Following this, direct genomic sequencing and sequencing of inverse PCR products (Ochman et al. 1988) were employed with the appropriately designed oligonucleotides to obtain the complete, double-stranded, sequence of the locus. The nucleotide sequence of the PCR fragments was determined for both strands using the Applied Biosystems 3730S Genetic Analyser. Sequencing chromatograms were analyzed and the LPS loci assembled using Vector NTI advance version 11 (Invitrogen, Carlsbad, CA). DNA and protein comparisons were made using the BLAST and ClustalW (Higgins et al. 1992; Thompson et al. 1994; Altschul et al. 1997) . Sequence data for the P2095 outer core biosynthesis locus have been deposited in GenBank under accession number JN571483.
In trans complementation of P. multocida strain AL523. For construction of the recombinant HptG expression plasmid pAL979, the complete open reading frame of hptG was amplified from P. multocida P2095 genomic DNA using the flanking oligonucleotides BAP6384 and BAP6385 (Table V) . The amplified DNA fragments were then digested with SalI and BamHI and ligated into SalI-and BamHI-digested expression vector, pAL99 ( Table V) , such that the transcription of hptG would be driven by the constitutive P. multocida tpiA promoter. The nucleotide sequence of the recombinant plasmid, pAL979, was determined to check fidelity of the cloned gene and then used to transform P. multocida strain AL523, generating the strain AL1792 (Table V) . As a control, the vector pAL99 was separately introduced into strain AL523 generating the strain AL1795 (Table V) .
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